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ABSTRACT
Effect of Storage on the Elastic Properties of the Red Cell Membrane
by
Caroline M. Ballweg
The goal for the preservation of blood is the optimal survival and
function of the stored blood after reinfusion.

In vivo means of

assessing viability after storage would be ideal but these survival
studies are expensive, involved, and not without danger.
vitro means have been sought to evaluate preservation.
frequently used

Thus, in
The most

of the in vitro tests for predicting red blood cell

survival is deformability.
This study applies a recently developed method of measuring
deformability to assess changes in stored blood,

In brief, the method

involves drawing a "mini" unit of blood from each of three normal
Citrate-phosphate-dextrose was chosen as the

healthy individuals,

anticoagulant-preservative solution because it is in common use in
blood banks in this country.

The amount of anticoagulant solution in

the conventional single donor pack was reduced proportionately for the
70 ml of blood drawn.

After one and three weeks of storage under

transfusion service conditions, aliquots of the stored samples were
aseptically removed.

The red blood cells were tested for deformability

in parallel with freshly drawn samples from the same donors.
Ihe deformability was assayed by washing and resuspending the red
blood cells in phosphate buffered saline.

Small patches of the red

blood cell membrane of an intact cell were than aspirated into 0.6
micron diameter holes in polycarbonate sieves.
pressures were employed.

Three different

After fixation and preparation, the cells

were observed on the scanning electron microscope.

Appropriately

oriented cells were photographed and the depth of penetration of the
red cell membrane into the holes was measured.

Extension ratios of the

membrane in the aspirated portions of the red cells were calculated and
compared for each of the three donors at each of the three aspiration
pressures.

No significant differences in deformability, as measured by this
approach, were noted between the fresh samples and those stored for one
and three weeks respectively.

No significant changes in the elastic

properties of the red cell membrane occured during 21 days of storage
of blood in CPD preservative.
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INTRODUCTION
History of blood preservation:
The first successful attempts at human blood preservation were
those of Rous and Turner (29) in 1916 with the addition of dextrose to
a sodium citrate anticoagulant solution.
delayed by the dextrose.

They noted that hemolysis was

They were also the first of many

investigators to utilize simple hemolysis as an inverse indicator of
the adequacy of preservation.

During World War I, Robertson used the

dextrose-citrate solution effectively but on a limited scale for blood
banking.
The first blood bank in the U.S. was established in 1937 by
Fantus.

This development was made possible largely by the availability

of economical mechanical refrigeration.

Not much use was made of

preservatives

and as late as 1938 sodium citrate alone was used to

store blood.

Ihis blood had a claimed shelf life of 7 days but even

this time period was questionable.
Interest in preservation was renewed with the threat of World War
II.

Changes in blood during storage were observed and used to assess

the effectiveness of preservatives (27,28).

Concern developed for the

post transfusion survival of the stored blood.

Measurement of the

survival time of red cells in the circulation was now made possible
with the differential agglutination techniques of Ashby (2) and Wiener
(33) , which

became a means of assessing the effectiveness of

1
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preservatives and determining optimal storage conditions,

In 1947,

radioisotope labelling replaced the differential agglutination
technique as the best available method for measuring the adequacy of
blood preservatives.
with

However, comparison of this technique iji vivo

in vitro assessments for predicting the viability of blood showed

the latter to be "contradictory and disappointing" (27,28).
The next major advance in preservation, was the development of a
more acid solution

by loutit and Mollison (19) and carefully evaluated

by Loutit, Mollison, and Young (20).

This solution, acid-citrate-

dextrose, ACD, resulted in increased post transfusion viability for red
blood cells.

An arbitrary criterion of at least 70% viability 24 hours

after administration, determined the shelf life of the blood.

Using

this criterion, it was decided that ACD solution extended the length of
storage of blood to 21 days.

The availability of a reasonably adequate

preservative solution made the detailed study of red cell survival
possible.

An analysis of the survival curve showed an initial loss of

viability of 5% of the cells in ACD.

This, termed the lesion of

collection, appeared to be due to osmotic and mechanical trauma
suffered by the cells during the early phase of phlebotomy,

A loss of

about 10% of the cells per week occurred and became known as the lesion
of storage.
It was not until 1957 that another significant step was taken in
blood preservation,

Gibson et al. (14), developed citrate-phosphate-

dextrose, CFD, a less acid, buffered solution.

Cells stored for 28

days in the new solution showed chemical and physical changes no more
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severe than those seen in ACD stored 21 days.

In vivo viability was

the same for both preservatives after 21 days storage, but red blood
cell survival in CPD was 10% higher after 28 days storage (1).
approved

CPD was

for use in the U.S. in 1971 but, like the older ACD

preservative, was only licensed for use for 21 day storage.Current interest centers on the anticipated approval by the Bureau
of Biologies for the addition of adenine to CPD to extend the shelf
life of the blood to 35 days.

ACD-adenine has been used in Europe

since 1965 without adverse effects (20).
Longer periods of storage, exceeding 2 years, may be achieved by
chilling to -80 C with cryoprotective agents such as glycerol or simply
by rapid freezing with liquid nitrogen.

Frozen blood storage involves

complex and expensive equipment and there is an obligatory delay in
thawing and processing to remove the cryoprotective agent, if used.
before it can be transfused.

However, it is an invaluable method for

storage of rare blood groups.
Techniques for measuring the adequacy of preservatives:
The best test of viability of red blood cells after storage in
various preservatives is still jin vivo survival,

Radioisotope

labelling of cells for transfusion is a much more sensitive technique
than the differential agglutination methods used earlier.
labelling is, however, not without risk.

Radioisotope

Early studies involved the

use of radioactive iron (28) administered directly to the donor.

After

incorporation into red blood cells, blood from the donor was drawn,
stored, and then transfused to a recipient who was sampled periodically
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to establish survival curves for the donor cells.

The method suffered

from small errors introduced by reutilization of the tagged iron in
newly formed cells of the recipient, thus extending the apparent
survival estimates.
The substitution of other radioisotopes followed.
overcame some of the problems but created others.

Ihe use of

51

Cr

The technique

suffered from error due to elution of tag from the cells thus reducing
the apparent survival estimates.

It was an expensive procedure.

There were other incompletely understood differences in the lifespans
of cells from different donors which complicated evaluation of the
survival of these cells in the recipient (7).

Despite these problems.

radioisotope tagging is still the best available means for assessing
viability, determining lifespan of autologous cells, and in "problem
crossmatch" cases for predicting survivability of donor cells.
Many investigators have attempted to correlate jin vitro with
vivo tests.

in

A few studies of special interest are discussed below. The

search for a good correlation between an _in vitro test and in vivo
viability has paralleled the quest for an understanding of the changes
involved in storage of blood.
Rapoport (27) noted changes in the shape and surface area of
stored cells as well as increases in mechanical and osmotic fragility
and spontaneous hemolysis,

He observed an increase in lactic acid due

to glycolysis, increased ammonia levels, a redistribution of sodium and
potassium, decreased organic phosphates, and an increase in inorganic
phosphates.

The best correlation was seen between the organic
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phosphates, now known to contain adenosine triphosphate, ATP, and
vivo viability.

in

He concluded that the correlations between in vitro

tests and in vivo survival were contradictory and disappointing.
In a comparable study involving 16 preservative solutions, Ross et_
al. (28) compared chemical and physical characteristics of stored blood
and in vivo viability determined by radioactive iron tagging of cells.
He also concluded that little success had been achieved by in vitro
tests in predicting in vivo viability.

Similar findings were

determined by Ozer and Chaplin (26) using certain sera to agglutinate
nonviable cells and to determine the proportion of agglutinated cells
in stored blood.
In the 1940's it was realized that a continuous expenditure of
energy was required for the preservation of the biconcave shape of the
red blood cell.
energy.

The normal red blood cell metabolizes glucose for

Usually, 90% of this energy is derived from the glycolytic

Embden-Meyerhof pathway and 10% from the oxidative hexose monophosphate
shunt.

At the usual storage temperature of blood (2-6 C) , the rate of

glycolysis is markedly reduced to l/40th of normal,

Loss of red blood

cell viability has been attributed to an intrinsic metabolic failure of
glucose metabolism during storage,

Since ATP is an indicator of the

metabolic potential of the red cell, various studies have linked its
level to the viability of the cell.

Maintenance or restoration of ATP

levels results in the reversal of the shape changes from crenated
sphere to normal biconcave disc.

Reversal of the increased rigidity of

the cells measured by filterability (15) and the ability to pack with
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centrifugation (31) was seen as ATP levels were restored.

Adenine, or

less effectively adenosine or inosine, could be used to restore ATP
levels in the red blood cells.
effect (15).

Externally applied ATP was without

Initially during storage viability appeared closely

related to ATP content.

However, after long periods of storage, about

8 weeks in ACD, even restoration of ATP content did little to improve
cell viability (25).

This contrasts with Haradin et al. (15), who

found that a loss of membrane lipid was not critical to viability.
since viability returned with normalization of ATP levels.
Weed et al. (32) proposed a change from sol to gel at the
interface of the cell membrane interior after ATP depletion and
subsequent calcium accumulation, as the probable cause of decreased
deformability and increased destruction of stored blood cells.
Agreement does exist that cells stored undergo changes, so that on
infusion they are destroyed to a degree dependent on the length of
storage.

This occurs most rapidly during the first hour or two after

transfusion and proceeds at a slower rate for the next 20-24 hours.
Thereafter, the rate is consistent with that of normal aging cells.
The storage changes appear unrelated to the in vivo changes of normal
senescence (13) .

Rather than simply destroying the oldest cells in the

population, cells of random age were eliminated from the circulation.
Studies comparing jm vivo aging to in vitro

showed dissimilar changes

in chemical composition of the cells. In vitro aging resulted in a
decrease in ATP levels with retention of normal enzyme levels in the
red cells.

In vivo aging resulted in the fall of certain enzyme levels

7
in the cells (3f21,22,26).
involved.

Thus two different processess

may be

A different view was held by Ross et al. (28) that the loss

of viability of stored cells progressed at a constant rate which
indicated a process of aging.
It is believed that the rapid destruction of some of the cells
after transfusion is due to increased cell rigidity and the inability
of the cells to deform and pass through the spenic sinusoids.

If the

ATP level is restored prior to transfusion, deformability of these
cells is restored and they survive normally.

Normal ATP levels would

be regained by transfused cells but at too slow a rate to prevent some
early elimination from the circulation. This view was held by La Celle
(17) from studies of blood stored for 3 weeks in ACD.

Only 76% of the

original cells could pass through a 2.85 micron diameter glass pipette
after storage.

After incubation of these cells with adenosine,

deformability was restored.

The negative pressures required for entry

of the 21 day old cells into the pipette were three times those
required for fresh cells.

Nearly normal entry pressures were seen for

ATP restored cells.
Weed, La Celle, and Merrill (32) using glass micropipettes, also
showed a 100% increase in the pressure necessary to deform cells stored
in serum for 4 to 6 hours.
depletion,

This occured after the initiation of ATP

but before any change in the shape of the cells or loss of

lipid from the membrane ensued,

Using 3 micron diameter pipettes.

cells after 24 hours incubation at 37 C required a fourfold increase in
pressure for aspiration.

The effect of ATP depletion was linked to
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increased cell rigidity.

Calcium levels in the red cells increased

after 10 hours incubation.

The calcium accumulation resulted from

inhibition of the calcium pumps which are dependent on adequate ATP
levels.
An alternative explanation for the decreased deformability of
these cells was advanced by Meiselman (23) .

He believed changes in the

flow characteristics were due to modification of the geometry and the
overall cell deformability.

Chemical changes altered the mechanical

properties of the membrane to a very small degree.

He believed the

real changes responsible for altered rheology of iri vitro aged cells
were morphologic.

He qualified this appraisal as applying only to the

flow rates he measured (24) .

Further support for the importance of

cell shape as opposed to changes in the elastic properties of the
membrane came from the work of Leblond (12).

Using 1.5 micron diameter

glass micropipettes, he measured the negative pressure necessary for
the hemispherical deformation of echinocytes.

Several techniques were

used to produce echinocytes from fresh cells.

These cells required the

same negative pressures for deformation as echinocytes produced by
incubation of the cells at 37 C for 20 hours (surely ATP depleted) .
Also, Huesinkveld (16) found no significant differences in the pressure
for hemisphere formation between fresh cells and those incubated at 37
C for up to 45 hours.

In addition, Feo and Mohandas (12) using the

ektacytometer discovered ATP was not necessary for the maintenance of
the biconcave shape of the red cell.

ATP depleted cells, in their

tests, were as deformable as cells with normal ATP levels (11).
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Purpose of the present study:
The studies cited above indicate the variety of In vitro
measurements for assessing changes in artificially aged, ACD stored, or
otherwise treated red blood cells.

The purpose of this study is to

apply a recently devised method (5) for measuring the elastic
properties of the red cell membrane in order to assess the possible
storage changes in CFD.

As previously noted, CPD preserved red cells

after 21 days of storage survive as well as or better than ACD
preserved cells stored for 21 days.

However, CPD cells have not

previously been used in deformability tests employing the micropipette
aspiration technique.
Cell deformability is a complex measurement.

It depends on

several factors any or all of which may interact depending on the
technique applied.

Deformability may be affected by internal fluid

viscosity (a contribution primarily of hemoglobin), cell geometry
(reflecting the ratio of surface area to volume) , and the viscoelastic
properties of the cell membrane (6).

The largest volume of data on red

cell deformability has come from measurements of individual cells
aspirated into glass micropipettes.

If the diameter of the pipette is

less than 1 micron, the effects of cell geometry and internal viscosity
are negligible (5,6,8,9,10,32).

This technique thus measures only the

contribution of the elastic properties of the cell membrane.
In this study, polycarbonate sieves are used in a fashion which
simulates multiple micropipettes (typical cells after aspiration are
shown in figure 1).

The method devised by Brailsford, Korpman, and
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Bull (5) gives a more reliable measurement than hitherto available for
assessing the elastic properties of the red cell membrane.
Measurements over a wide range of stress can be made.

Photographs made

by means of the scanning electron microscope, provide a permanent
record with greater resolution than was possible with the use of the
light microscope.

A large number of cells may be subjected to stress

in a relatively short period of time since there are many holes
available in the polycarbonate sieves.

Thus, this method assures that

any change in the elastic properties of the membrane after storage
which were sufficiently marked to hinder passage of the cells through
the spleen, would be detected with a high degree of certainty.

/—
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MATERIALS
Phosphate buffered saline: 17 g of sodium chloride, 2.27 g disodium
hydrogen phosphate, and 0.5 g potassium dihydrogen phosphate were
dissolved in distilled water to a final volume of 2000 ml.

The

solution was adjusted to pH 7.4 and an osmolality of 288 +/” 1 mOsm/kg.
/ R\
The final solution was filtered through a 0.2 micron Nuclepore ' '
filter before use.
Phosphate buffered saline with 0.1% albumin: 5 ml of Normal Serum
Albumin (Human) Salt Poor, USP 25%, obtained from Armour Pharmaceutical
Co., Phoenix, Arizona, was added to 1000 ml of phosphate buffered
saline, pH 7.4, 290 +/” 1 mOsm/kg
2% Glutaraldehyde solution: 20 ml of 50% glutaraldehyde v/v was added
to 480 ml of phosphate buffered saline.
2% Osmium tetroxide: 1 g Osmic acid, OsO^, Stevens Metallurgical Corp •

r

New York, New York, supplied in vials and crushed in a container with
50 ml of phosphate buffered saline.
Graded alcohols: dilutions were prepared from 95% ethanol as follows:
50%: 263 ml of 95% ethanol diluted to 500 ml with distilled water
H

70%: 368 ml
90%: 474 ml
100%: absolute ethanol

12
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Chloroform: Reagent grade, Mallinckrodt Chemical Works, St. Louis,
Missouri
Polycarbonate sieves:0.6 and 0.2 micron, 25 mm diameter Nuclepore
filters, Nuclepore Corp • r Pleasanton, California
Metal coating: #22-10 60% gold, 40% palladium wire, 0.008" diameter

obtained from Ted Pella, Inc • f Tustin, California
Single pack blood donation bags: PF37R8 R051S, Exp. Dec. 80. Fenwal
Laboratories Inc •

/

Deerfield, Illinois, containing 63 ml of CPD

anticoagulant solution for the collection of 450 ml of whole blood.
Immediately before phlebotomy, 53 ml of the solution was allowed to
drain from the donation needle into a 100 ml graduated cylinder.
Wax: Pink dental wax
Polaroid film: Polaroid 4x5 Land Film Type 55/ Positive-Negative
Polaroid Corp., Cambridge, Massachusetts
Glass coverslips: 22 mm square #1 thickness. Corning Glass Works,
Corning, New York.

These were marked with a diamond marker and broken

into approximately 1 cm squares.

METHODS
Collection and preparation of blood:
Using routine blood donor preparation and phlebotomy techniques,
blood was drawn from each of 3 donors, two males and 1 female, all in
good health.

Immediately before venipuncture, 53 ml of the CPD

solution in the single donor pack was allowed to flow from the needle
into a 100 ml graduated cylinder,

The blood was collected with gentle

agitation of the bag; 70 ml of blood, determined with a spring scale.
flowed into the bag before the donor tubing was sealed off.

An

additional 7 ml of blood was collected from the donor end of the tubing
into a graduated centrifuge tube containing 1 ml of CPD solution
separated above.

Then the "mini" units were refrigerated in the Loma

Linda University Medical Center Blood Bank as under transfusion service
conditions at 4 +/“ 1.5 C.
At 1 and 3 weeks, after gently mixing, aliquots of blood were
withdrawn from the stored "mini" units.

This was carried out

aseptically using a medical injection site inserted into a port in the
plastic donor bag.

A fresh sample of blood was drawn from each of the

3 donors using 18 gauge needles and sterile disposable plastic
syringes.

To 7 ml of fresh blood 1 ml of the previously separated CPD

solution was added.
Samples were washed 3 times in phosphate buffered saline with 0.1%
albumin in 15 ml centrifuge tubes.

After the last centrifugation, the

hematocrit of the buffy-poor, washed cells, was adjusted to
approximately 2%.
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Preparation of polycarbonate sieves:
/R\
Standard 0.6 micron, 25 mm diameter Nuclepore' ; filters were
placed shiny side up on a paper towel.

Glass tubes of slightly smaller

diameter were coated with melted pink dental wax at one end and pressed
firmly against the Nuclepore (R) membrane.

The glass tube was

immediately inverted and examined for gaps in the wax seal.

Tubes

showing a satisfactory seal were allowed to cool.
Pressure apparatus:
The apparatus used was the same as described by Brailsford,
Korpman, and Bull (5) .

An illustration follows in figure 2.

The glass

tube with the membrane attached was mounted in the apparatus with a
clamp.

The pressure difference between the internal and external

pipettes was adjusted by means of syringe micrometers to one of the
pressures listed in table 1.

The pipette inside the glass tube was

always at a higher level than the pipette in the external reservoir.
Phosphate buffered saline with 0.1% albumin was added to both sides of
the membrane and after a suitable wetting time so that flow through the
membrane was established, a few drops of the appropriate 2% suspension
of cells was added to the inside of the glass tube to be aspirated into
the membrane under the water pressure gradient established.

At the low

pressure, 0.5 cm, the initial pressure was 1 cm and after addition of
cells, the level of the internal pipette was lowered to establish the
desired pressure.

This was performed to overcome the bending

resistance of the cells at the low negative pressure.

After a few

seconds, 2% glutaraldehyde solution was added to both sides of the
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syringe
micrometer

clamp

no
*

Co

Pasteur
pipette

vacuum system

glass tube

X
cells-----polycarbonate—jj;
sieve
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• —y:—external fluid reservoir

[
adjustable platform

1 EHK-

Figure 2. Pressure apparatus for establishing a known negative
pressure across the polycarbonate sieve. The cell suspension
is added to buffer solution in glass tube at specified pressure,
after a few seconds, fixative is added to the glass tube and the
external fluid reservoir.
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Table 1.

Pressure
in
cm ELO
2

Axial Tension
produced
dynes/cm

1

2.94 x 10 -2
1.47 x 10 -2

0.5

7.35 x 10 -3

2

*

Pressures and Corresponding Axial Tensions

Axial tension is calculated T = 980 H R /2
P
P
where:
H = water pressure in cm
_4
R = radius of pore in cm (0.3 x 10 )
P

*
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membrane.

The vacuum supplied to the pipettes was clamped off and the

level of glutaraldehyde equated on both sides of the membrane,

The

membrane was peeled away from the glass support tube and an identifying
code cut into the membrane before it was placed in fixative again for a
minimum of 30 minutes.

Residual glutaraldehyde was washed from the

reservoir and pipettes before the next membrane was clamped in place
and the pressure difference established,

Each of the 3 individual

stored samples was tested at a particular pressure.
.repeated at each of the 3 pressures selected.
run of the 3 freshly drawn samples as controls.

The process was

This was followed by a
Each complete series

required approximately 1 hour of cell preparation and 2 to 3 hours of
testing time.
An illustration of the following steps in the method is outlined
in figure 3.
Post fixation and dehydration of cells on the polycarbonate membrane:
Membranes in each container were washed twice in phosphate
buffered saline.

Post fixation of the cells was accomplished with a 20

minute treatment in 2% osmium tetroxide followed by two washes in
phosphate buffered saline.

Deydration followed using two exchanges

each of 50, 70, and 90% ethanol followed by four exchanges with 100%
ethanol.

At this stage, membranes were either left overnight in

alcohol or were allowed to dry before mounting.
Mounting of the sieved specimen:
A representative section of each membrane was cut out of the airdried polycarbonate membrane.

It was placed shiny-side down on a
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square of coverslip in a watchglass.

Small amounts of chloroform

adhering to the tip of an applicator stick were used to tack the edges
of the specimen to the coverslip.

This kept the membrane from curling

up when the polycarbonate was being dissolved by the chloroform.
Enough chloroform to just cover the specimen was dropped onto the
coverslip.

After a few seconds the coverslip was flooded with several

exchanges of chloroform until only a thin layer of polycarbonate
remained under the cells to hold them to the coverslip.

If too little

chloroform was used, a film of polycarbonate remained to obscure the
cells.

If too much chloroform was used, the cells washed off the

coverslip.

A properly washed specimen revealed many cells with their

protrusions projecting up from the coverslip and clearly delineated
from the background.

After air drying, the coverslip was placed on a

scanning electron microscope post with double-stick tape and silver
compound.

Vacuum evaporator metal coating:
Specimens were shadowed in the vacuum evaporator with goldpalladium wire sufficient for the 8 specimens coated at one time.
Scanning electron microscope:
Specimens were placed in the AMR Model 1000 Scanning Electron
Microscope and the cells examined at a 45 degree tilt,

Cells which

presented profile views of the projections were photographed at
approximately 8.5 K magnification using Polariod film.
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Measurements:
The depth of penetration and width of the holes were measured from
the finger-like projections.

RESULTS
In tables 2, 3, and 4 the calculated values of the extension
ratios of the red blood cell finger-like projections are shown.

The

tables list each of the 3 subjects for each of the 3 pressures.
expressed as axial tensions, for fresh, 1, and 3 week storage of CPD
blood and freshly drawn blood from the same donors at 1 and 3 weeks.
The extension ratio is calculated from the depth of penetration of
the red blood cell membrane into the 0.6 micron diameter holes in the
polycarbonate sieve.

Since only the ratio of the depth of penetration

to the diameter of the hole is required, both these measurements were
taken simultaneously from the Polaroid photographs of the scanning
electron microscope image of the cell,

The diameter of the hole should

be constant and equal to 0.6 micron multiplied by the magnification of
the electron microscope, but the latter varies somewhat due to changes
in the depth of the focal plane,

The extension ratio was calculated

from the formula: 2\jDp/d (5,8) .

This formula is valid when Dp, the

depth of penetration, is greater than the radius of the hole, d/2.
This was true for the 3 pressures used.
From the tables of results it is evident that no significant
differences occured between the fresh and stored cells.

Small

differences are noted however, between the fresh controls.

These

differences could be due to in vivo changes in the donors during the 3
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Table 2.
23
Comparison of CU extension ratio for 3 subjects at T =2.94 x 10

-2

dynes/cm, uncorrected for bending, at 0, 1, & 3 weeks storage in CPD.

Time (weeks)

SUBJECT 1
Control at 0

Extension
Ratio

Standard
Coefficient Sample
Deviation of Variation Size
of
(1SD) of
(%)

•

2.35

0.13

5.7

51

0.13

5.9

25

Stored at 1

2.24

Control redrawn at 1 [

2.11

0.16

7.7

36

Stored at 3

2.32

0.16

6.8

25

Control redrawn at 3

2.08

0.16

7.3

28

2.26

0.22

9.6

•43

0.18

7.9

37

SUBJECT 2
Control at 0

•

•

Stored at 1

2.22

Control redrawn at 1

2.20

0.20

9.1

37

Stored at 3

2.32

0.19

8.0

25

Control redrawn at 3

2.14

0.21

10.0

35

2.23

0.15

6.6

43

Stored at 1

2.11

0.15

7.2

33

Control redrawn at 1

2.20

0.14

6.4

21

2.27

0.25

11.2

20

2.17

0.16

7.2

33

SUBJECT 3
Control at 0

' Stored at 3
Control redrawn at 3

Table 3.
24
-2

Comparison of/U extension ratio for 3 subjects at T =1.47 x 10
P
dynes/cm, uncorrected for bending, at 0, 1, & 3 weeks storage in CPD.

Time (weeks)

SUBJECT 1
Control at 0

Extension
Ratio

Standard
Coefficient
Deviation of Variation
of
(1SD) of
(%)

Sample
Size

1.87

0.10

6.0

20

Stored at 1

2.24

0.15

6.7

32

Control redrawn at 1

1.96

0.14

7.3

23

Stored at 3

1.99

0.07

3.8

10

Control redrawn at 3

1.95

0.14

7.1

27

1.83

0.08

4.0

'r 20

Stored at 1

2.17

0.16

7.5

25

Control redrawn at 1

1.96

0.14

6.9

20

Stored at 3

2.09

0.16

7.4

20

Control redrawn at 3

1.90

0.14

7.5

20

2.09

0.14

7.0

34

Stored at 1

2.07

0.12

5.8

25

Control redrawn at 1

1.78

0.15

8.7

33

Stored at 3

2.01

0.13

6.7

32

Control redrawn at 3

1.96

0.15

7.9

21

SUBJECT 2
Control at 0

SUBJECT 3
Control at 0

Table 4.
-3

Comparison of

25

extension ratio for 3 subjects at T =7.35 x 10
P
-2
dynes/cm, after an initial 1.47 x 10
at 0, 1, & 3 weeks storage in CPD.

Time (weeks)

Extension
Ratio

Standard
Deviation
of
(1SD)

1.94

0.11

5.7

23

Stored at 1

1.93

0.13

6.7

33

Control redrawn at 1

1.82

0.10

5.2

20

Stored at 3

1.92

0.10

5.0

25

Control redrawn at 3

1.83

0.14

7.6

25

2.02

0.14

6.8

-38

Stored at 1

1.99

0.15

7.4

25

Control redrawn at 1

1.91

0.08

4.1

29

Stored at 3

1.87

0.12

6.6

26

1.98

0.10

5.0

33

Stored at 1

2.04

0.08

4.2

25

Control redrawn at 1

1.86

0.13

6.7

23

SUBJECT 1
Control at 0

SUBJECT 2
Control at 0

Coefficient Sample
of Variation Size
of
(%)

Control redrawn at 3

SUBJECT 3
Control at 0

Stored at 3
Control redrawn at 3
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Figure 4.

Example of cell membrane aspirated into
polycarbonate sieve

DISCUSSION

The method employed, in this investigation measures the
deformability of the cell membrane as if it were an isolated patch
unconnected to the remainder of the cell.

The quantity of membrane

which is deformed is so small relative to the total surface area of the
red cell that membrane tautness elsewhere seldom occurs.

The

deformation takes place over a long enough period of time so that
internal viscosity has been overcome before fixation.

Furthermore,

unlike other approaches to the measurement of deformability which
involve rheological measurements, the starting shape of the red cell
does not influence the length of the deformed membrane "finger".
Except for the data derived from small diameter micropipette studies.
the data presented here is virtually the only information available
that relates specifically to intrinsic membrane deformability.

The

fact that no decrease in deformability was noted over a three week
storage period whereas other workers (15, 32) have reported marked
changes is thus not surprising.
In addition to the problems referred to above, investigators in
this field have employed experimental conditions that result in widely
differing membrane stress levels.

It is possible that the membrane

response to stress is not linear and thus the results obtained at one
level of stress may not be comparable to those noted when the membrane
stress is either markedly greater or significantly less.

Because of

this possiblity the present investigation was designed to cover a broad
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range of membrane stress from 2.94 x 10
dynes/cm.

-2
-3
dynes/cm to 7.35 x 10

The upper end of this range is still well below the yield

point of the red cell membrane,

The series of values obtained

throughout this range show definitively that the membrane response at
higher levels of stress can be confidently predicted from the response
at lower stress levels

and that the discordant results reported for

red cell deformability in the literature cannot be explained on this
basis.
In many investigations the actual stress level experienced by the
red cell membrane is difficult to determine.

Shear rates from 1.15 to

230 sec.-1 at hematocrits of 80% and temperatures of 37 C were used in
viscometric determinations by Weed, LaCelle, and Merrill (32) and
Haradin, Weed, and Reed (15).

In contrast, Meiselman and Baker (24)
-1
used shear rates of 37.5 to 1500 sec. , 60% hematocrit, and 25 C. Feo
and Mohandas employed dextran suspensions and shear stress of 750
dynes/on^ using the ektacytometer (12) .
the shear rate and the viscosity.

Apparent viscosity is also a non

linear function of the hematocrit.
influences viscosity measurements.

Shear stress is the product of

Temperature significantly

Deformability measured at low shear

rates is influenced by cell morphology and the elastic properties of
the cell membrane.

At higher shear rates, deformability is influenced

by internal fluid viscosity.
Despite the fact that the actual shear levels cannot be determined
for many of these investigations, it seems unlikely from the present
study that this is the basis of the discordant results on membrane
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deformability already alluded to.
require comment.

There are other possibilities that

Micropipette techniques measure different aspects of

membrane deformability depending upon the size of the micropipette
employed.

Measurements made with micropipettes in the 3 micron range

are affected by several factors in addition to intrinsic membrane
deformability. It seems clear that both cell geometry and internal
viscosity are involved and there may be other, as yet undetected.
effects.

Smaller pipettes, those in the range of 1.5 microns or less.

do measure intrinsic membrane deformability uninfluenced by other
factors as long as care is taken to insure that the remaining membrane
remains flaccid.

Micropipettes less than 1.5 microns in diameter were

used by Leblond (18) , and Heusinkveld (16).

The equivalent diameter of

the holes in the polycarbonate selves used by Brailsford ejt al. and in
the present study was in the same range.
On the other hand, the physiological significance of the
measurement, of isolated membrane deformability is open to question.
Cells in the circulation are forced to traverse narrow channels as a
test of their fitness for survival and it seems clear that this sort of
stress is more closely approximated by aspiration into large bore (~3
micron) pipettes.

Experimenters who have employed the 3 micron

pipettes include Weed, LaCelle, and Merrill (32) , LaCelle (17) , and
Haradin (15).

Haradin used filter paper rather than micropipettes and

it was estimated that the pore size to which the red cells were exposed
varied from 120 microns down to a low limit in the range of 6 microns.
The need for standardized test conditions:
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In addition to the complexities introduced by different techniques
and the factors they measure, further variables arise from lack of
standard test conditions.

Beutler (4) has advocated the use of a

standard cell suspension and better control of the experimental
variables.

There is little doubt that efforts in this direction would

considerably reduce the present state of confusion since it would
eliminate the discrepancies that have arisen due only to differences in
the way in which the experiments have been conducted.
Summary
Measurements were made of the isolated membrane deformability of
red cells preserved for three weeks under typical blood bank conditions
in citrate phosphate dextrose, CPD, anticoagulant-preservative
solution.
Small portions of the membrane of the stored cells were aspirated
into 0.6 micron holes in a polycarbonate membrane under controlled
negative pressure.

The cells were fixed while in the deformed state

and the deformability of the membrane analyzed by measuring the depth
of penetration of the membrane into the hole.

Knowledge of the

diameter of the hole and the depth of the protrusion permitted the
calculation of the extension ratio. A, from the formula: IbjD^/d.
Because of the possibility that the extension ratio of intrinsic
membrane deformability might not be related in some simple fashion to
membrane stress three different levels of negative pressure were
employed.

These were 2, 1, and 0.5 cm of water and produced stresses

on the red cell membrane of 2.94 x 10

1.47 x 10

and 7.35 x 10 ^
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dynes/om respectively.
Controls of blood, freshly drawn from the same donors, were tested
with samples of stored blood 7 and 21 days after the collection of the
blood for storage.

Slight differences were noted between fresh cells

and controls tested at 7 and 21 days.

Since variables of temperature.

buffer pH and osmolality, and pressures had been controlled, these
differences may reflect

in vivo changes in the donors but probably

more closely reflect the reproducibility of the technique.

No trends

were evident from comparison of variation of data at different
pressures.

No significant differences were noted in the extension ratios of
fresh, 7, or 21 day stored cells from each of the donors.

This study

indicates that no significant differences in the elastic properties of
the red cell membrane could be demonstrated in fresh and blood stored
in CPD for 21 days under conventional blood bank conditions.
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